Introduction
T h e Rho family is part of the Ras superfamily of small GTP-binding proteins, and consists of Rho (A, B and C), Rac (1 and 2), two Cdc42 isoforms, RhoD, RhoE, RhoG, TClO and TTF [l] . Different members of the large Ras superfamily regulate a diverse array of cellular processes, from vesicle trafficking to signal transduction. They all have in common the ability to bind and hydrolyse GTP, creating a switch between an active GTP-bound conformation and an inactive GDP-bound conformation (Figure 1) .
Rho was the first member of the Rho family to be cloned, and because of its homology with the proto-oncogene Ras, it was initially tested for its ability to induce cellular transformation. Rho can induce a transformed phenotype in some cell lines but not in others [Z], and is certainly not as potent at transforming cells as Ras, nor has it been isolated from a human cancer or a retrovirus as an oncogene. Research into Rho function, however, was soon transformed after it was found to be the molecular target for C3 transferase, an exoenzyme produced by Clostridium botulinum. C3 transferase ADP-ribosylates and thereby inactivates RhoA, RhoB and RhoC with remarkable specificity, although it can also inefficiently ribosylate other members of the Rho family [3] . Many In addition to bacterial toxins, research on Rho family proteins has been considerably facilitated by the fact that dominant negative inhibitory forms of each protein can be made by mutating the highly conserved amino acid 17 (Ras numbering) from serine/threonine to asparagine. This mutation in Ras, N17Ras, has long been used as a dominant inhibitor of Ras function, but the discovery that the same mutation in Rac generated a dominant inhibitor [4] has led to the introduction of identical mutations in many GTPases.
Using a combination of dominant negative and constitutively activated mutants of Rac and Cdc42, one or both of these two proteins have, like Rho, been shown to regulate many processes, including actin organization, cytokinesis, transcription, secretion, the NADPH oxidase of phagocytes and endocytosis [l]. A major challenge now is to plot out the signalling pathways involved in each of these responses, and this process has been initiated by identifying proteins interacting directly with each member of the Rho family.
Proteins interacting with Rho family members
How are Rho family proteins activated, what are their targets, and how are they switched off? It appears that their activation involves two steps (Figure 1) . First, Rho, Rac and Cdc42 are predominantly bound in the cytoplasm to proteins known as GDP-dissociation inhibitors (GDIs) .
Two GDIs have so far been characterized in detail [S] , and shown to bind tightly to all Rho family proteins tested. This interaction is dependent on the post-translational modification (by prenylation) of Rho family proteins at the C-terminus [6] . Binding to GDIs prevents the interaction of each protein with the plasma membrane, where they are presumed to act (with [7] ). Activation is therefore believed to require dissociation of the proteins from GDIs, and indeed when cells are activated, an increase in the membrane localization of Rac and Cdc42 is observed [8, 9] . In addition, to convert Rho family proteins into their active forms, exchange of GDP for G T P is required. This is catalysed by proteins with Dbl homology (DH) domains, named after the first protein, Dbl, shown to act as an exchange factor for Rho family proteins. Many other proteins have DH domains, and several of these have been shown to have exchange factor activity, with varying levels of specificity for one or more Rho family proteins [ 11. Some DH-domain proteins show tissue-specific expression patterns, conferring a further level of specificity on their actions. Interestingly, a number of them have been isolated as oncogenes from tumours [Z], suggesting a role for Rho family proteins in the development of at least some types of cancer.
Many potential downstream targets for Rho, Rac and Cdc42 have been identified, principally by affinity chromatography or yeast two-hybrid screening [ 11. These include protein kinases, a number of enzymes acting on phospholipids, and 'adaptor' proteins with no enzymic function but possessing several potential protein-protein interaction domains (Table 1) . Connections between these targets and the various cellular functions attributed to Rho, Rac and Cdc42 are beginning to be forged. One approach is to express a target protein and various mutants of it in cells. This has led, for example, to the identification of ROKcr as a downstream target of Rho leading to actin reorganization (see below) [ 101. Some caution has to be taken with this type of approach, however, as overexpression of a binding domain for any of the Rho family proteins may simply titrate out the endogenous proteins and thereby inhibit their function. A second approach, modelled on investigations into Ras signalling, is to make mutations in a Rho family protein which selectively reduce its interaction in vitro with some targets but not with others. The contribution of each target to a defined cellular response can then be extrapolated from the ability of each mutant to induce that response. This approach has been used with Rac and Cdc42 to suggest that their interaction with p21-activated kinase (PAK) ( The activity of GTPases must be carefully regulated not only to allow a rapid response to incoming signals, but also to prevent the potentially deleterious effects of prolonged activity. Rho family proteins can be deactivated by stimulating their intrinsic GTPase activity, and this is catalysed by a family of proteins possessing GAP domains [6] . As with exchange factors, GAPS show differing levels of specificity for one or more members of the Rho family, as measured either in vitro or after introduction of the GAP domains into cells [ 5 ] .
Rho family proteins and the actin cytoskeleton
The functions of Rho, Rac and Cdc42 in regulating the formation of specific actin-containing structures were first elucidated using Swiss 3T3 fibroblasts as a model system. A major advantage of using this particular cell line is that the cells can be induced to lose nearly all of their actin stress fibres and lamellipodia when confluent in serum-free conditions. Microinjection of Rho protein into serum-starved Swiss 3T3 cells rapidly induces the formation of stress fibres [12] , and a similar response to Rho has now been observed in many different adherent cell lines. These stress fibres terminate at the plasma membrane in structures known as focal adhesions, which provide a link between the extracellular matrix via integrins to the actin cytoskeleton. In addition to structural proteins, many signalling proteins are associated with focal adhesions, and it is becoming clear that they play an important role in signal transduction [13] .
In serum-starved Swiss 3T3 cells, Rac stimulates the formation of lamellipodia [4] , highly motile protrusions from the plasma membrane containing a dense network of actin filaments and actin-cross-linking proteins [ 141. Unlike Rac and Rho, a clear response to Cdc42 is not observed in confluent Swiss 3T3 fibroblasts but in subconfluent cells, where it stimulates the formation of filopodia [15] , fine dynamic plasmamembrane projections containing bundles of actin filaments [14] . The Cdc42 response in fibroblasts is in fact observed most clearly when cells are co-injected with inhibitors of Rac and Rho [16] , as lamellipodia in particular rapidly extend over the small filopodia formed, and Cdc42 stimulates Rac-dependent lamellipodium formation and Rho-dependent assembly of stress I007 fibres. Fibroblasts do not normally exhibit many filopodia and therefore may not be as suitable a model for studying Cdc42 function as they are for Rho and Rac. In contrast, more motile cell types such as macrophages normally possess many filopodia, and both the macrophage chemoattractant colony-stimulating factor-1 and Cdc42 rapidly stimulate filopodium production in a mouse macrophage cell line [ 171. Macrophages may therefore provide a good model to investigate Cdc42-regulated signalling pathways.
Rho signalling to the cytoskeleton
Investigations into the signalling pathways downstream of Rho have been considerably aided by the existing wealth of information on focal adhesion formation, studied in the context of cell adhesion to extracellular matrix proteins [ 131. As a result of work in a number of laboratories, a model for Rho function has been suggested [1,13], based on its ability to stimulate the phosphorylation of myosin light chain, leading to the formation of myosin filaments and their productive interaction with actin filaments. The resulting actomyosin filaments are contractile, and the outcome of this contractility is dependent on cell type. In fibroblasts, for example, it is proposed to lead to the formation of focal adhesions by pulling the integrins and associated proteins together in clusters in the plasma membrane. Several proteins are recruited to focal adhesions which may play an important role in Rho-mediated mitogenic signalling. For example, Rho stimulates the tyrosine phosphorylation of focal adhesion kinase [ 181, a tyrosine kinase that autophosphorylates itself and then is a substrate for Src family tyrosine kinases. Focal adhesion kinase phosphorylation leads to its activation, and it then tyrosine phosphorylates a number of other focal adhesion proteins, including paxillin and p 1 30'xs, which can act as adaptor proteins to recruit further signalling proteins to focal adhesions [ 131.
In other cell types, Rho also stimulates contractility but this is not associated with focal adhesion formation in cells that do not form stress fibres. In a neuronal cell line, Rho mediates retraction of neurites and conversely treatment with C3 transferase promotes neurite outgrowth [19] . In Bacl macrophages, Rho stimulates rapid cell contraction and the formation of fine actin cables within the cell body, while C3 transferase induces cell flattening and, after prolonged incubation, the formation of long dendritic processes [ 171. Macrophages do not have classical focal adhesions, but do have focal complexes containing integrins and associated proteins. However, the formation of these complexes is not regulated by Rho [17] .
Rac signalling to the cytoskeleton
Rac has been shown to induce the formation of lamellipodia in several cell types in addition to fibroblasts, including macrophages [5, 17] . It also stimulates macropinocytosis and the formation of membrane ruffles [4] ; the latter are essentially lamellipodium-like structures protruding from cells in suspension or from the upper surface of adherent cells [5] . In fibroblasts, it stimulates the formation of focal complexes, which are not linked to stress fibres or regulated by Rho, but do contain integrins and other proteins normally associated with focal adhesions [ 161. These structures could be precursors of focal adhesions, although in macrophages similar focal complex structures are regulated by Rac and are clearly not focal adhesion precursors, as stress fibres never form in these cells [17] .
Possible downstream targets for Rac leading to actin reorganization have been identified recently. A protein interacting directly with Rac, PORl, is apparently involved in lamellipodium formation [20] . In addition, constitutively activated PAKl, a downstream target for Rac and Cdc42 (Table l) , is able to stimulate the formation of filopodia and lamellipodia [Zl] . In platelets, Rac has been reported to stimulate phosphatidylinositol 4-phosphate 5-kinase activity leading to increased levels of phosphatidylinositol 4,5-bisphosphate (PIP2) [22] , although direct interaction between Rac and a phosphatidylinositol 4-phosphate 5-kinase has so far not been detected. As PIPz can bind in vitro to a number of actin-binding proteins, it is possible that a Rac-mediated increase in production of PIPz serves to recruit these proteins to sites on the plasma membrane and/or modulate their activity [23, 24] . It is clear that the production of lamellipodia is a complex process requiring both new actin polymerization at the plasma membrane and also the recruitment and precise regulation of actin binding and cross-linking proteins. In addition, it is possible that changes in plasmamembrane composition are involved, in particular phosphoinositides. Rac (and also Cdc42, see below) may therefore be required to interact with several different targets in order to integrate the 
Cdc42 signalling to the cytoskeleton
Cdc42 induces filopodium formation in fibroblasts, but the response is much more dramatic in Bacl macrophages [17] , which are very sensitive to activated Cdc42. In these macrophages, Cdc42-induced formation of filopodia dominates over the formation of other actin-containing structures, such as lamellipodia. Microinjection of low concentrations of Cdc42, however, stimulates the formation of lamellipodia as well as filopodia, suggesting that, as in fibroblasts, Rac can be activated downstream of Cdc42. Further evidence for a link between Cdc42 and Rac is apparent from studying the assembly of focal complexes. Injection of dominant negative mutants of either Rac (N17Racl) or Cdc42 (N17Cdc42) leads to the loss of focal complexes. Cells co-injected with activated Rac (Vl2Racl) and N17Cdc42, however, retain focal complexes, whereas cells co-injected with V12Cdc42 and N17Racl do not. These results suggest that Cdc42 acts upstream of Rac to regulate the focal complex-formation. Moreover, as focal complexes are observed even in colony-stimulating-factor-1-starved cells, Rac must be sufficiently active to maintain them, although under these conditions lamellipodia are only rarely observed. The difference in sensitivity to Cdc42 observed in macrophages compared with fibroblasts probably reflects the fact that macrophages are highly motile cells and normally possess many long filopodia, whereas fibroblasts rarely exhibit filopodia and are slow moving. In osteoclasts and HeLa cells, different but perhaps related actin-containing podosome-like structures have been observed when activated Cdc42 is expressed [25, 26] .
A possible target for Cdc42 in regulating the formation of filopodia is the Wiskott-Aldrich syndrome protein (WASP), which interacts directly with Cdc42. Studies in fibroblasts have suggested that WASP regulates changes in actin organization induced by Cdc42 [27] , although in these cells Cdc42 did not induce filopodium formation. In contrast with these results, mutants of Cdc42 with reduced affinity for WASP in vim can still induce filopodium formation in Swiss 3T3 fibroblasts [ 111, suggesting that WASP is not required for Cdc42-induced actin reorganization. However, WASP is not detectably expressed in fibroblasts, and it is therefore not clear how relevant these results are to understanding WASP function. It is possible that a WASP-related protein is present in fibroblasts, but its ability to bind various Cdc42 mutants may be different from that of WASP itself. As WASP is expressed only in haemopoietic cells, studies in these cell types should illuminate further the role of WASP in Cdc42 responses.
Conclusions: Rho family proteins and cell motility
Many functions for Rho, Rac and Cdc42 have been reported, and large numbers of interacting proteins identified. Research is now concentrated on determining which of the exchange factors, GDIs, GAPS and target proteins are involved in each cellular response regulated by Rho, Rac and Cdc42. In addition, the functions of other Rho family proteins, and their ability to interact with regulatory or target proteins, remain to be elucidated in detail.
The distinct roles of Rho, Rac and Cdc42 in regulating actin organization suggest a model for their sequential activation during cell locomotion [28] . As shown in Figure 2 , migrating cells extend filopodia and lamellipodia at their leading edge, as a consequence of Cdc42 and Rac activation respectively. These structures are involved in both sensing the presence of chemoattractants and also in physically moving the front of the cell forward. Once extended, new contacts are made with the substratum, and again this process is regulated by Cdc42 and Rac. Subsequently, the rear edge of the cell has to be moved forward, and this is believed to be achieved by contraction of actomyosin filaments within the cell body. This step is likely to be regulated by Rho, acting downstream of Cdc42 and Rac action. 
